Objective-We sought to examine whether there is a site-specific effect on atherosclerosis of the absence of mature T and B cells caused by a recombination activating-gene deficiency in LDL receptor-deficient mice and whether this effect is influence by the extent of backcrossing to C57BL/6 mice. Methods and Results-Male mice were fed atherogenic diets for 3 months. In strain 1 mice, in which Ϸ93% of the genes were from C57BL/6 mice, the absence of mature T and B cells led to a significant reduction in atherosclerosis in both the aortic sinus and the innominate artery. In strain 2 mice, in which Ϸ99ϩ% of the genes were from C57BL/6 mice, immune system deficiency led to a site-specific effect on atherosclerosis, with a reduction in atherosclerosis in the aortic sinus but not in the innominate artery, similar to previous results obtained with apolipoprotein EϪ/Ϫ mice. All of the immune system-incompetent mice had lower plasma total and VLDL cholesterol levels regardless of strain or diet, indicating that differences in lipid levels were unlikely to be responsible for these site-specific effects of immune system deficiency. Conclusions-These results suggest that immune system deficiency has a site-specific effect on atherosclerosis that is sensitive to the genetic background of the mice.
A therosclerosis is a chronic, inflammatory response to hyperlipidemia. 1 As with other inflammation, components of both innate and adaptive immunity influence the progression of this inflammation. The cells that have received the most attention are the innate responders-monocytes/ macrophages-and the T and B cells of the adaptive immunity system. These cells participate either directly through their primary immune functions or indirectly, when mediated by the cytokines that they produce. The involvement of the adaptive immune system has been implicated by 2 kinds of studies in mice. First, the use of immune system-deficient models involving the absence of mature T and B cells (ie, recombination activating-gene deficiency [RAGϪ/Ϫ]), coupled with either apolipoprotein E deficiency (apoEϪ/Ϫ) or LDL receptor deficiency (LDLRϪ/Ϫ), results in a reduction of aortic sinus atherosclerosis, [2] [3] [4] [5] implying that the net effect of the immune system through the course of atherogenesis is to promote vascular lesions. Consistent with this conclusion are the results from studies involving deficiency or overexpression of some cytokines secreted by T cells. 6 -9 In addition, recent data have strongly suggested that B cells are protective against the development of atherosclerosis. 10, 11 Second, and related to the latter finding, is the observation that immunization of LDLRϪ/Ϫ mice with oxidized LDL and even with native LDL reduces atherosclerosis. 12 The effect of the immune system on atherosclerosis can be complex. In a previous study, we observed a site-specific effect of immune system deficiency on atherosclerosis. In that study, male apoEϪ/Ϫ RAG2Ϫ/Ϫ mice had markedly reduced aortic sinus atherosclerosis but not brachiocephalic (innominate) artery atherosclerosis compared with immune system-competent apoEϪ/Ϫ mice. 2 In the current study with the LDLRϪ/Ϫ mouse model, we asked whether this site-specific effect was observed only when apoE was deficient. In the course of these investigations, it became evident that the response of innominate artery atherosclerosis to immune system deficiency was quite sensitive to the relative purity of the genetic background. We have studied 2 strains, 1 that is Ϸ93% C57BL/6 (6 generations backcrossed to C57BL/6 mice) and 1 that is Ϸ99% C57BL/6 (10 generations backcrossed), with qualitatively different responses in the innominate artery but not in the aortic sinus. Because both strains are immune system deficient, our results are best explained by the presence of 1 or more genes that have a bias toward modifying the response of innominate artery atherosclerosis to immune system deficiency.
Methods

Mice and Diets
Strain 1
LDLRϪ/Ϫ mice backcrossed with C57BL/6 mice for 6 generations (Jackson Laboratories, Bar Harbor, Me) and RAG2Ϫ/Ϫ mice backcrossed with C57BL/6 mice for 4 generations (obtained from F.W. Alt) 13 were crossed to generate LDLRϪ/Ϫ RAG2Ϫ/Ϫ mice that were deficient for both genes. On the basis of the extent of backcrossing, we estimated that Ϸ93% of the genes were from C57BL/6 mice.
Strain 2
LDLRϪ/Ϫ mice and RAG1Ϫ/Ϫ mice 14 backcrossed for 10 generations to C57BL/6 mice (both from Jackson Laboratories, Bar Harbor, Me) were crossed to generate LDLRϪ/Ϫ RAG1Ϫ/Ϫ (Ϸ99% of genes were from C57BL/6 mice). All of the doubly deficient mice had fasting plasma cholesterol levels (while being fed a chow diet) Ͼ140 mg/dL and lacked immunoglobulins, as determined by Western blotting. The mice were housed in a specific pathogen-free environment in a temperature-controlled room with a 12-hour light/dark cycle. Male mice (12 to 17 per group) were maintained on a standard chow diet (Purina Mills) until placed on a milk fat-based diet, consisting of 0.25% cholesterol and 18% milk fat (Harlan Teklad TD97222), or a Western-type diet, consisting of 0.15% cholesterol and 21% fat (Harlan Teklad TD88137), at 8 weeks of age. The mice were bled monthly by retro-orbital sinus puncture for determination of 4-hour fasting plasma cholesterol and triglyceride levels (Roche Molecular Biochemicals). 2 Lipoproteins were separated by fast protein liquid chromatography on tandem Superose 6 columns, and the amount of cholesterol in the even-numbered fractions was determined and expressed as micrograms cholesterol per milliliter of plasma. The area under each lipoprotein peak was quantified by computer digitizer (SigmaScan) and expressed as percent total cholesterol. Lipoprotein cholesterol levels were determined from the total plasma cholesterol and the percentage of total cholesterol in each of the lipoprotein peaks. All procedures performed on the mice were in accordance with National Institutes of Health and institutional guidelines regarding the care and use of laboratory animals.
Analysis of Atherosclerotic Lesions
Atherosclerosis was examined after the mice had been on their assigned diet for 3 months. The mice were anesthetized by inhalation of methoxyflurane or intraperitoneal injection of 80 mg/kg ketamine and 10 mg/kg xylazine, exsanguinated, and perfused with paraformaldehyde, and aortic tissue was obtained as described previously. 2 The frozen tissue was serially sectioned into 10-m sections from the innominate artery through the aortic sinus. Every tenth section was stained with oil red O and Harris hematoxylin and counterstained with fast green. Lesions in the innominate artery were quantitated from 4 oil red O-stained sections, each separated by 100 m, and located between 150 and 450 m distal to the branch point of the innominate artery from the aortic arch. Aortic sinus lesions were evaluated from 3 sections, each separated by 100 m, beginning at the site of appearance of the coronary artery. Atherosclerosis was quantitated from digitally captured images and OpenLab Software, version 1.7.6. The amount of lesion in the innominate artery was expressed as a percentage of total lumen area, 15 although the conclusions were not different when total lesion areas were compared.
Statistical Analysis
Results are expressed as meanϮSEM. Statistical analysis was performed with StatView 5.0.1 software. The data were analyzed by 1-way ANOVA. Nonparametric analysis of atherosclerotic lesions was analyzed by the Mann-Whitney test. The significance level was set at PϽ0.05.
Results
Our preliminary goal was to assess whether our previously reported site-selective effect of immune system deficiency on atherosclerosis in the apoEϪ/Ϫ background was also to be found in the presence of apoE, as exemplified by the LDLRϪ/Ϫ model. Our initial set of experiments was per-formed with animals that had been backcrossed into the C57BL/6 background through 6 generations (strain 1). The results obtained with these mice were in contrast to those we obtained in the apoEϪ/Ϫ model. 2 To determine whether the differences in immune system deficiency in the 2 atherosclerotic models could be explained by background modulating genes, we developed a second strain backcrossed to C57BL/6 mice through 10 generations (strain 2). It is the difference between these 2 strains that is the basis of this article. Strain 1 was the result of a cross of the LDLRϪ/Ϫ mouse with the RAG2Ϫ/Ϫ mouse, whereas the cross to produce strain 2 used the RAG1Ϫ/Ϫ mouse, largely because at the time the cross was made, the RAG1Ϫ/Ϫ mouse was available in the C57BL/6 background. There is no reason to believe that RAG2Ϫ/Ϫ and RAG1Ϫ/Ϫ mice are phenotypically different, even at a refined cellular and biochemical level. 16 RAG1 and RAG2 are contiguous genes expressed primarily in lymphoid tissues, and their products function as a heterodimer that is absolutely required for the recombination of immunoglobulin and T-cell receptor genes. RAG1 or RAG2 gene knockouts produce animals lacking mature B and T cells, 13, 14 and no differences in immunological phenotype of these mice have been noted. The LDLRϪ/Ϫ RAGϪ/Ϫ mice are healthy and viable when housed in a specific pathogenfree facility. There was no apparent difference in fertility, infection rate, or mortality in either immune system-deficient strain compared with the immune system-competent LDLRϪ/Ϫ mice. Although there was no difference in body weight of the strain 1 mice (28.7Ϯ1.1 g and 30.9Ϯ1.4 g for LDLRϪ/Ϫ RAG2Ϫ/Ϫ and LDLRϪ/Ϫ mice, respectively) after 3 months on the milk fat diet, the body weights of strain 2 LDLRϪ/Ϫ RAG1Ϫ/Ϫ mice fed the milk fat diet were slightly lower than those of the LDLRϪ/Ϫ mice (30.0Ϯ0.9 g vs 34.0Ϯ1.2 g, respectively; Pϭ0.034) and significantly lower in the LDLRϪ/Ϫ RAG1Ϫ/Ϫ mice fed the Westerntype diet (29.6Ϯ1.2 g vs 37.3Ϯ1.4 gm, respectively; PϽ0.0001). The reason for the difference in weight, especially in mice fed the Western-type diet, is unclear. The mice did not appear ill, and there was no systematic increase in the acute-phase protein serum amyloid A in the plasma of the immune system-incompetent mice.
RAG Deficiency Lowers Plasma Lipid and VLDL Levels in Both Strains
Male mice were maintained on a low-fat chow diet until 8 weeks of age. On the chow diet, the primary lipoprotein in the plasma is LDL (data not shown). In strain 1 (Ϸ93% C57BL/ 6), plasma cholesterol levels on the chow diet were higher in LDLRϪ/Ϫ mice than in the LDLRϪ/Ϫ RAG2Ϫ/Ϫ mice (Table 1 ). However, plasma triglyceride levels were not statistically different. The mice were then switched to a diet containing 0.25% cholesterol and 18% milk fat. After 1 month on the high-fat diet, plasma lipid levels rose in both immune system-competent and -incompetent mice, and these levels were maintained for 3 months. The plasma lipid levels at 3 months are shown in Table 1 . Even on the milk fat diet, plasma cholesterol levels were lower in the LDLRϪ/Ϫ RAG2Ϫ/Ϫ mice. In this case, however, plasma triglyceride levels were almost 3-fold lower in the RAG-deficient mice.
This decrease in triglyceride levels is reflected in significantly lower VLDL levels ( Table 1 and Figure 1 ). LDL and HDL levels were not significantly different.
Similar to strain 1, superposition of RAG deficiency in LDLRϪ/Ϫ mice fully backcrossed to C57BL/6 mice (strain 2) reduced plasma cholesterol levels in chow-fed male mice. However, in these Ϸ99% C57BL/6 mice, triglyceride levels were also reduced in chow-fed animals. Plasma cholesterol levels in immune system-competent strain 2 LDLRϪ/Ϫ mice while on the chow diet also had higher plasma cholesterol and triglyceride levels than strain 1 mice, but there was no difference in plasma lipid levels between the immune system-incompetent strain 1 and strain 2 LDLRϪ/Ϫ RAGϪ/Ϫ mice while on the chow diet. After 3 months on the high-fat diets, plasma cholesterol and triglyceride levels were lower in the LDLRϪ/Ϫ RAGϪ/Ϫ mice, although the difference was significantly different only in the mice fed the Western-type diet. Again, this trend was reflected in the lower VLDL levels. HDL levels were different in the strain 2 mice fed the Western-type diet. There was no significant difference in plasma cholesterol levels among all of the LDLRϪ/Ϫ mice, regardless of extent of backcrossing or type of high-fat/high-cholesterol diet. The same was true for the LDLRϪ/Ϫ RAGϪ/Ϫ mice.
Genetic Background Modifies the Site-Specific Effect of Immune System Deficiency
Atherosclerosis was quantified in the aortic sinus and innominate artery after 3 months on the high-fat diets (Fig. 2) . In strain 1 mice (Ϸ93% C57BL/6 background), immune deficiency resulted in a 65% to 70% decrease in atherosclerosis in both the aortic sinus and innominate artery. In contrast, immune deficiency in the strain 2 mice (Ϸ99% C57BL/6) had a site-specific effect on atherosclerosis. In these mice, aortic sinus atherosclerosis was significantly lower in the immune system-deficient mice, but there was no significant difference in the extent of atherosclerosis in the innominate artery. The increase in size of innominate artery atherosclerosis in the milk fat-fed strain 2 mice did not reach statistical significance (Pϭ0.39). Thus, despite similar differences in plasma cholesterol levels between immune system-competent and -incompetent mice within each group, immune system deficiency resulted in a site-specific effect on atherosclerosis in the strain 2 mice, with aortic sinus atherosclerosis being lower but innominate artery atherosclerosis unchanged in the immune system-incompetent mice. In strain 1 mice, immune system deficiency reduced atherosclerosis in both the aortic sinus and innominate artery. Although there is significant variability in the amount of atherosclerosis in each group of mice, this variability was observed between littermates in all of the strains and diet groups, not just between different litters. Therefore, the variability could not have been caused by seasonal differences or differences in lots of the diet.
Discussion
The 2 major findings of this study are that 2 atherosclerosissensitive sites respond differently to global immune system deficiency owing to a lack of mature T and B cells and that the genetic background of the mouse influences this response. This suggests that there is an interaction between 1 or more genes that differentially influence the development of atherosclerosis at the innominate artery and aortic sinus and the immune system. Thus, immune system deficiency can be used as a probe to examine genes that selectively influence innominate artery atherosclerosis.
The current study confirms the site-selective effect of immune system deficiency on atherosclerosis previously Plasma lipoprotein were separated on FPLC, and the amount of VLDL, LDL, and HDL cholesterol per deciliter of plasma was determined from the percent cholesterol in each peak and the plasma cholesterol levels. For strain 1 mice (Ϸ93% C57Bl/6): LDLRϪ/Ϫ mice, nϭ15; LDLRϪ/ϪRAG2Ϫ/Ϫ, nϭ12. For strain 2 mice (Ϸ99% C57Bl/6) on milk fat diet: LDLRϪ/Ϫ mice, nϭ12; LDLRϪ/ϪRAG1Ϫ/Ϫ. nϭ12; and on WD: LDLRϪ/Ϫ mice, nϭ14; LDLRϪ/ ϪRAG1Ϫ/Ϫ, nϭ17.
Plasma Lipid and Lipoprotein Levels in Mice at 8 Weeks of Age on Chow Diet and After 3 Months Of Milk Fat or Western-Type Diet (WD)
ND indicates not determined.
Immune system-competent versus -incompetent: *PϽ0.0001; †PϽ0.001; ‡PϽ0.005; §PϽ0.05.
reported in the apoE-deficient mouse model of atherosclerosis. 2 The fact that similar data were obtained with both apoEϪ/Ϫ and LDLRϪ/Ϫ mice suggests that a precise lipoprotein profile and a lack of apoE expression in the vessel wall are not requirements for this site selectivity. Site-specific influences on atherogenesis have also been observed with probucol treatment in apoEϪ/Ϫ mice, 17 with von Willebrand factor deficiency in apoEϪ/Ϫ and LDLRϪ/Ϫ mice, 18 and in female LDLRϪ/Ϫ mice subjected to interleukin-4 deficiency, 19 but none of these studies examined the innominate artery, a high-probability site for the development of atherosclerosis.
One of the significant observations reported here is that immune system deficiency influences innominate artery atherosclerosis differently, depending on the genetic background (strain 1 vs strain 2). It is well known that mouse strains differ profoundly in their susceptibility to atherosclerosis. The strains used here were all mixtures of the 129 strain and the C57BL/6 strain, and because strain 1 and strain 2 mice were backcrossed to different extents, these mice will have different numbers of residual 129 genes. Because these strains were independently derived, it is unclear whether the residual 129 genes in strain 2 would necessarily be included among the 129 genes in strain 1. A likely but not exclusive model to account for our results is that 1 or more of the129 genes interact with the immune system-deficient setting (eg, spectrum of cytokine profiles) to reduce innominate artery atherosclerosis. There is no significant effect of genetic background on aortic sinus atherosclerosis, suggesting that some of the genes that modulate the response of the innominate artery to immune deficiency are less important for the response of aortic sinus atherosclerosis. We have noted that immune system deficiency reduces atherosclerosis in the aortic sinus to a greater extent in strain 1 mice than strain 2 mice. Thus, we cannot exclude the possibility that a gene(s) in strain 1 mice that influences innominate artery atherosclerosis response to immune system deficiency is having at least a partial effect on the aortic sinus.
The genes that influence innominate artery atherosclerosis are not those that directly influence B-cell and T-cell function, because both strains 1 and 2 were similarly deficient in these functions. Rather, they are modifier genes that are manifested in the immune system-deficient setting. In this connection, immune system deficiency can be considered a biologic probe that uncovers the operation of the gene(s) that selectively influences innominate artery atherosclerosis. In studies that explored genetic-susceptibility loci in atherosclerosis of apoEϪ/Ϫ and LDLRϪ/Ϫ mice, aortic sinus lesion area has been used as the screening readout. 20 -25 In LDLRϪ/Ϫ mice, loci on chromosomes 4 and 6 have been found that result in variations in aortic sinus lesion area. 21 Candidate genes within these loci include phospholipase A 2 and members of the tumor necrosis factor receptor superfamily. In the apoE-deficient background, loci were identified on chromosomes 10, 14, and 19 that account for variations in aortic sinus lesion area. 22 The strongest candidate on the chromosome 10 interval is the interferon-␥ receptor, whereas others include connective tissue growth factor gene, estrogen receptor-␣, and tumor necrosis factor-induced protein 3. There is no overlap in the loci that modulate aortic sinus atherosclerosis in apoE-deficient and LDLR-deficient, hyperlipidemic mice. The genes that account for variations within the innominate artery might be different from those suggested in the screening for genetic variations that influence aortic sinus atherosclerosis.
Some sites in the vascular tree are more likely to develop atherosclerosis than others. 26 These are determined in large part by the regional hemodynamics at each of these sites, with the high-probability sites being in areas of disturbed flow. 26, 27 Endothelial cells are the major transducers of regional hemodynamic stress, and this is manifested in significant differences in gene expression in microenvironments of laminar or turbulent shear stress. 28 It is very likely that disturbed flow, including reverse flow and hence, hemodynamic stresses, differs between the aortic sinus and the innominate artery, both being high-probability sites. From this, one might expect that the pattern of gene expression would differ between these sites, although this has yet to be categorically demonstrated. Our ongoing work will address this issue. Differences in endothelial cell gene expression could be manifested in the alteration of cell adhesion and transendothelial migration of cells and lipoproteins into the evolving lesion. 1,29 -31 This or endothelial cell interaction with underlying intimal cells (macrophages, smooth muscle cells, and T cells) could well result in manifest changes in the rate of lesion evolution at these various sites and might account for our reported observations.
It is clear that immune system competence is not an absolute requirement for atherogenesis. The phenotype of global immune system deficiency is the result of removal of an immune component network involving, at a minimum, T helper (Th) 1 cells, Th2 cells, B cells, and cytolytic T cells. Each of these cell components of the adaptive immune system produces its particular spectrum of secreted molecules and cytokines. Th1 cells secrete interferon-␥, which is clearly proatherogenic. 6, 7, 32 Th2 cells and their characteristic cytokines interleukins-4 and -10 appear to be predominately antiatherogenic. 19, 33, 34 There is a suggestion that with profound hypercholesterolemia, there is a switch from a predominance of Th1 cells to 1 of Th2 cells. 35 Recent evidence suggests that B cells are antiatherogenic. 10 -12 The net outcome with respect to atherosclerosis would be the result of the balance of the inputs from each of these components of the adaptive immune system. The balance between proatherogenic and antiatherogenic modifiers might differ at different vascular sites.
Two systemic factors that could influence atherogenesis are changed by immune system deficiency. Our immune system-deficient mice had lower plasma cholesterol levels attributable to decreases in VLDL in the high-fat diet-fed mice. Similar observations were made in chow-fed apoEϪ/Ϫ and apoEϪ/Ϫ RAG2Ϫ/Ϫ mice 2 and in LDLRϪ/Ϫ and LDLRϪ/Ϫ RAG1Ϫ/Ϫ mice by Song et al, 5 who also suggested that immune deficiency influences VLDL metabolism. However, in the latter study, VLDL levels were decreased, without a significant difference in total cholesterol levels in mice fed a Western-type diet. The major difference between our study and the study by Song et al is that our immune system-competent LDLRϪ/Ϫ mice responded to the high-fat/high-cholesterol diets with higher plasma cholesterol levels. The cholesterol levels in our high-fat/high-cholesterol-fed, immune system-incompetent LDLRϪ/Ϫ RAGϪ/Ϫ mice were very similar to those reported by Song et al. The strain 1 mice, both immune system competent and incompetent, had lower levels of VLDL than did the strain 2 mice. This is a systemic change and could only be related to the differential response of aortic sinus and innominate artery atherosclerosis in these 2 strains of mice if triglyceride and VLDL were selective risk factors for innominate artery atherosclerosis. Even if this were the case, it would require that the same VLDL particles interact differently with the innominate artery than with the aortic sinus and that VLDL is more atherogenic for the innominate artery, with the maximal atherogenic concentration of VLDL for the innominate artery being Ͼ400 mg/dL. This would suggest that the atherogenic potential of VLDL for the aortic sinus and the innominate artery exhibits a substantially different concentration dependence. With this possibility in mind, we examined whether there was a relation between triglyceride levels (a surrogate for VLDL levels) and atherosclerosis at either site when compared for each individual animal. No such correlation was observed.
The second systemic metabolic effect of immune system deficiency is the lower body weight, compared with immune system-competent mice, especially in strain 2. We have no explanation for this, and we suspect that it has no influence on the differential atherosclerosis response. The weight difference is mainly attributable to better weight gain in the immune system-competent strain 2 mice on the high-fat diet. There was no difference in body weights among the immune system-deficient mice, despite the substantial difference in innominate artery atherosclerosis between strain 1 and strain 2 mice.
In conclusion, our data confirm that innominate artery and aortic sinus atheroscleroses respond selectively to immune system deficiency in the LDLRϪ/Ϫ mouse model, just as we had previously shown for the apoEϪ/Ϫ model. We also show that the innominate artery, but not the aortic sinus, responds to immune system deficiency in a fashion sensitive to the genetic background. There are 2 possibilities to explain this genetically driven differential susceptibility of the innominate artery to atherosclerosis in the context of immune system deficiency. On the one hand, 1 or more genes expressed in this location (perhaps hemodynamically conditioned) interact with the immune system deficiency state to modify the atherosclerosis response. Alternatively, the genetic background could influence risk factors, eg, VLDL level or composition, to which the innominate artery responds differently than the aortic sinus in the context of immune system deficiency. We favor the first explanation but cannot exclude the second. In any event, the data highlight the need to extend studies that seek to characterize genetic modifier genes that influence atherosclerosis to sites other than the aortic sinus.
